Charcoal is a common plant material recovered archaeologically, but frequently remains unanalyzed due to inherent difficulties in analysis [16] . The adsorptive capabilities of charcoal have been well studied [17] [18] [19] . Charcoal formation involves the fracturing of many of the chemical bonds in the original wood, which gives rise to the chemisorptive properties of charcoal [20] . Consequently, organic molecules can interact with either the charcoal surface or internal pores. It is because of these challenges that charcoal was chosen as the substrate for solvent evaluation. Using this difficult matrix to enhance the interactions between solvent, solute, and substrate should prove key to selecting the best solvent system for extractions.
Charcoal is formed by the decomposition of cellulose and lignin to carbon residue. Wood pyrolysis products differ depending on whether the wood species is hardwood or softwood [21] . In our study, charcoal was created in the laboratory setting to mimic real life samples that may be retrieved from archaeological sites. Seven wood species with varying hardness, were used as a means for comparison. They included: Populus tremuloides (aspen), Acer grandidentatum (bigtooth maple), Prunus cerasus (cherry), Pinus flexilis (limber pine), Quercus alba (oak), Betula nigra (river birch), and Artemisia tridentate (sage). Each species was used to make charcoal and each was loaded with a controlled amount of tripalmitin.
The overall aim of this work is to identify various characteristics of solvents that may improve the extraction of a fat. Five common solvents (benzene, chloroform, hexane, methanol, and water) were used to determine the best system by which tripalmitin could be extracted from the charcoal samples in a single solvent system. The chosen solvents differ in polarity and other chemical properties. For comparison, further extractions were performed on a mix of multiple fats: trilaurin, tripalmitin, and tristearin.
To evaluate the solvent performance, batch adsorption equilibria experiments were employed. In these experiments, the equilibrium concentrations of fat adsorbed to solid phase charcoal were compared to equilibrium concentrations of fat in the liquid solvent phase. This numerical ratio provided a simple and effective means to compare the efficacy of the solvents. This ratio describes where the analyte preferentially migrates when equilibrium has been reached.
A common method used for evaluation of adsorption and desorption is the batch laboratory method where a solution, spiked with the analyte of interest, interacts with a solid for a specified period of time [22] . Once equilibrium is reached, the phases are separated and the concentration on the solid phase is determined from the difference between the initial and final concentration found in the liquid phase [23] . Batch experiments can be completed quickly for numerous analytes and environmental conditions, but do not represent the true conditions by which chemical interactions occur in the environment. However, herein, the purpose of these experiments is to elucidate the best solvent system for fat extraction from a challenging charcoal matrix, and thus does not present a drawback to our investigation.
Materials and Methods

Apparatus
The Lindberg/Blue Tube Furnace, temperature programmable tube furnace, was used for all carbonization of wood species. A quartz tube with an inner diameter (ID) of 2.0 cm and outer diameter of 2.5 cm was continually flushed with dry nitrogen to maintain an inert atmosphere.
The Fischer Scientific Versa-Bath was used during the fat extraction from the charcoal using various solvents. This apparatus maintained equilibration temperatures at 25 o C and was programmed to shake samples for 24 hours at a gentle 20 cycles per minute; with a sliding agitation range of just + and -5 cm.
A Shimadzu QP 2010S gas chromatograph (GC) coupled to a 2010 Shimadzu mass spectrometer (MS) was used for quantification of fatty acids. A 30 m fused silica wall-coated open-tube (WCOT) capillary column with an internal diameter of 0.25 mm was used (Resktek FameWax, Cat # 12497). A splitless injection mode was used with helium carrier gas at an injection temperature of 230 o C. The MS conditions used for analysis were the following: interface temperature 240 o C, ionization mode, EI + ; full scan acquisition mode; mass range, 33-500 amu.
Reagents
All fats used for loading onto the charcoal were purchased from TCI America. Tripalmitin (Cat # G0213) 86% purity, trilaurin (Cat # G0087) 98% purity, and tristearin (Cat # G0212) 80% purity were the three fats purchased to extract from charcoal matrices. Methanolic-Base, 0.5 N (Cat # 3-3080) was purchased from Supelco to perform the base catalyzed methylation of triglycerides.
All solvents used for extraction and base catalyzed methylation (acetone, benzene, chloroform, cyclohexane, dibutyl ether, hexane, and methanol), were of ACS grade.
Procedures
Wood Carbonization
All wood species were cut to 6 cm in length. Quercus alba and Acer grandidentatum came in dowel-rods measuring 1 cm in diameter. Other wood samples (Populus tremuloides, Prunus virginiana, Pinus flexilis, Betula nigra, and Artemisia tridentata) had to be manually cut and chiseled into rectangular prisms with close approximate dimensions of (1x1x6 cm). All of the wood species were oven dried at 100 o C for 8 hours prior to any carbonization. This ensured capillary moisture would be removed from the samples. The wood samples were weighed before carbonization. Two samples of the same wood species were placed in a quartz tube and in a temperature programmed furnace.
A nitrogen line purged the inner environment of the quartz tube of oxygen. The flow of nitrogen was kept close to 2 mL/min. The tube furnace was programmed to ramp to a desired temperature. Ramping rate was about 30 o C/ sec. Wood carbonization times were calculated by the amount of time each sample remained in the oven after reaching the temperature plateau. Charcoal samples were cooled to room temperature and massed to +/-0.1 mg.
Determination of Optimal Carbonization Temperature
Using wood samples prepared as described above, the oven-dry mass was recorded for the wood species as well as directly after carbonization. Seven wood samples were carbonized at various temperatures between 300-700 o C using the described protocol. Upon cooling, the mass for each charcoal species formed was measured. A percent mass loss was calculated for each of the wood samples.
Charcoal Sample Loading:
Single Fat Charcoal Spiking
Instrumental Limit of Detection (LOD) for the GC-MS was performed by weighing an exact mass near 2.5 mg of tripalmitin and dissolving it in 5 mL of hexane. This solution was diluted four times (1:1, 1:2, 1:3, 1:4) and analyzed by GC-MS. The quantitative data shows that 100 mg of tripalmitin/L of hexane can be detected cleanly with signal to noise ratios of nominally 2. In an effort to minimize precision error, all future samples were prepared at 10 times the LOD (1000 mg of tripalmitin/L of hexane).
A 1000 mg of tripalmitin/L of hexane stock solution was used for all calibration standards and sample-loading to ensure accuracy. Fat loading onto charcoal samples was performed using a 1 mL volumetric pipette and slowly dripping 1 mL of the 1000 mg of tripalmitin/L of hexane stock solution onto cooled charcoal. The loaded charcoal sample was placed in a 100 o C oven overnight to guarantee that all solvent had evaporated.
Multiple Fat Charcoal Spiking
A stock solution containing 1000 mg/L analyte in hexane each of trilaurin, tripalmitin, and tristearin was made by dissolving 100 mg of each triglyceride in 100 mL of hexane. A small amount of heat was needed to completely dissolve all the fats. Using the same protocol mentioned in the single fat spiking, 1 mL of the stock solution was quantitatively transferred.
Extractions
Time Requirements for Extraction Equilibrium
Five identical samples of the Acer grandidentatum were carbonized into charcoal and consequently loaded with 1 mg of tripalmitin using the protocol for single fat analysis described above. Each charcoal sample was placed in a 30 mL screw cap vial and filled with 20 mL of hexane. Samples were equilibrated using the Versa Bath shaker table for various extraction times: 1, 4, 8, 16, and 24 hours. At each time frame, 1 vial was removed from the extraction apparatus and the charcoal was removed from the solvent solution.
Determination of fat concentrations in the solvent required multiple steps including first pre-concentrating samples by nitrogen stream. The base catalyzed methylation was performed (procedures found in Sample Preparation) and analyzed by GC-MS to obtain peak areas. Percent extractions were calculated by dividing the amount of fat recovered by the amount of fat loaded on the charcoal and further compared to fat recovery of the standards run in tandem with the samples.
Sample Preparation
Upon completing extraction, the charcoal was removed from the solvent. The solvent remaining in the 30 mL vial was filtered of any charcoal particulates using 0.45 µm Nylon pore size syringe filters. The solvent was concentrated by roto-evaporation so the base catalyzed methylation procedure could be performed.
In a clean 30 mL vial, 5 mL of hexane and 1 mL of methanol were transferred along with 600 mL of methanolic-base (catalyst). The entire solution was mixed using a vortex mixer for 30 s and consequently centrifuged at 3000 x g for 3 minutes. The top hexane layer was taken for analysis by GC-MS [5] .
Sample Calibration Standard
External standard calibration samples were run to calculate how much tripalmitin was extracted from the charcoal matrix. Using the standard solution of 1000 mg of tripalmitin/L of hexane, 1 mL of this solution was dispensed into 10 clean vials. All samples were concentrated to dryness using a nitrogen stream and the base catalyzed methylation procedure, and was performed on the residue that remained. The samples were prepared in the exact protocol as the unknown samples that were extracted. These calibration standards were analyzed by GC-MS. An average peak area was determined in order to compare to the unknown extracted samples.
Adsorption Equilibrium
In the process of desorption of the fatty acid from the charcoal and into the solution, the adsorbate fatty acid gets desorbed from the adsorbent charcoal. In this equilibrium process the adsorbate combines with the adsorbent through adsorption and is reversible through desorption. The amount of adsorbed material depends on several variables including: the specific surface area of the solid, the solute concentration in the solution, the temperature, and the characteristics of the molecules involved. A simple representation of this adsorption equilibrium with a fixed temperature system is described by equation (1) . Where the amount of adsorbate per unit mass (Cs) equals the equilibrium solute concentration (C eq ) multiplied by a proportionality constant (K d ) that accommodates for the various physical and chemical attributes of the system. [24] C Evaluation of fat concentrations in the solvent provided information used to determine desorption equilibria. Calculation of the K d was accomplished using the peak areas obtained from the GC-MS chromatograms. A concentration was determined using a comparison to an external reference sample of tripalmitin.
Results and Discussion
Carbonization of Wood Species
Carbonization of wood causes chemical changes resulting in a number of noticeable changes in its physical properties such as discoloration, shrinkage, and most importantly mass reduction [25] . Utilizing this information, it was possible to find the experimental conditions to create the reproducible charcoal samples for analysis.
To find an optimal temperature by which the wood species could be converted into charcoal, temperature profiling experiments were performed. By keeping carbonization times constant at 1 hour, the temperatures were altered at 100 o C increments starting at 300 o C using a tube furnace. The mass of the wood was measured before and after carbonization to determine the percent mass loss. Temperature was plotted against percent mass loss to determine when carbonization was complete. The data for the charcoal made from Populus tremuloides, Acer grandidentatum, Pinus flexilis, and Quercus alba all showed a similar plateau phase in the percent mass loss beginning around 600-700 o C (Figure 1) . However, at 600 o C and above, significant fracturing of the wood sample began.
Subsequent charcoal samples were made at 500 o C for 1 hour since a large degree of carbonization had occurred; yet the wood maintained structural integrity. Charcoal species begin to undergo a process known as graphitization at higher temperatures [26] . Herein, the definition of charcoal analysis was confined to the incomplete burning of biomass as one might find in a natural fire. Therefore, it was deemed important to maintain a level of carbonization less than formation of full graphite. 
Time Requirements for Extraction Equilibrium
Timed experiments were performed with Acer grandidentatum charcoal to determine required extraction times for removing tripalmitin. Five identical samples of the Acer wood were carbonized into charcoal and loaded with 1 mg of tripalmitin. The percent recovery began to plateau at 16 hours; with equilibrium maintaining at that or any longer time ( Figure 2 ). All further extractions were performed at 24 hours.
Adsorption Equilibrium Data for Wood Species
Calculation of a single quantitative value representative of the extraction was accomplished by calculation of the proportionality constant for the desorption process (K d ) from the ratio of experimentally determined concentrations. It was important in quantifying the extraction efficiency of the solvents. This coefficient provided a numerical description of the effect particular wood species had on the extraction process. Also, the K d allows for the determination of the best solvent characteristics that facilitate fatty acid extractions.
The sequence of equations below show an example of how these coefficients were calculated for a specific wood type, using a specific solvent. To calculate the K d of the system, the values from (6) and (7) were used in equation (1) presented in the material and methods section. Most of the partition coefficients calculated showed good precision among replicate samples. GC-MS data obtained from standards run through the procedure containing no charcoal showed excellent precision with a relative standard deviation concentration of better than +/-5%. Similarly, results from duplicate analysis of solvent aliquots from single experimental solutions also varied nominally by +/-5%. However, replicates of two differing charcoal samples varied from 2% to 20%. This variation is as expected as it likely illustrates the natural variations between two wood samples from the same species of tree. Coefficients were calculated using the equation presented in the material and methods section; where the value is a ratio of solvated to sorbed fat. As such, Kd's with lower values represent solvents that successfully extracted more fat from the carbonized wood. While there is considerable variability among wood species, a clear trend is seen where benzene and chloroform were the most effective in desorbing fats and produced the lowest Kd values.
Comparing the results for benzene and chloroform illustrates the variability of results seen both among and between the solvents and wood types (Figure 3) . Generally, a comparison of the wood types shows that benzene is slightly better for extraction than chloroform. Interestingly, Acer, Prunus, and Betula wood tended to have higher Kd values as compared to the other wood types. This suggests that there could be some differences between the wood types that accounts for this trend.
Evaluation of Solvent Characteristics
From evaluation of the numerical desorption coefficients observed for a variety of wood charcoal types with different solvents we noted great variability. To identify factors that are important for successful extraction, a measure of correlation between the solvent characteristics and experimentally determined coefficients was obtained by calculation using the Pearson product-moment correlation coefficient (PMCC).
A number of solvent characteristics were evaluated: boiling point (BP), density, polarity index (PI), dipole moment (DM), vapor pressure (VP), refractive index (RI), dielectric constant (DC), viscosity (Vis), dispersion (Dsp), hydrogen bonding (HB), molecular weight (MW), and surface tension (ST) as tabulated by Hansen, 2007.
[27] First, a Pearson Correlation was generated for these solvent characteristics (Table 2) . Here, the goal was to identify some important solvent characteristics that co-correlate. For example, the dielectric constant of the solvent shows a rather strong correlation with hydrogen bonding capability. Additionally, dielectric constant shows a slight inverse correlation with the molecular weight. This suggests that choosing a solvent with a high dielectric constant would generally mean that the solvent would be of a lower molecular weight.
Further, these solvent characteristics were evaluated for benzene and chloroform. Results of these PMCC values were generated comparing solvent characteristics with the experimental coefficients from the various carbonized wood species (Table 3) .
Data indicate that dipole moment, dielectric constant, hydrogen bonding, and molecular weight, with a correlation coefficient greater than 0.60 or less than -0.60, all seem to play an important role in extraction of fat from a charcoal matrix. Any value at about +/-0.60 
Multiple Fat Analysis
Three fats (tripalmitin, trilaurin, and tristearin) were examined in a multiple fat analysis using the best solvents that extracted the tripalmitin fat with Acer grandidentatum charcoal, benzene and chloroform. The chromatogram of the three fat extractions from Acer charcoal using benzene is shown below (Figure 4 ). Consistent elution order was seen with both solvents, where trilaurin elutes first, followed by tripalmitin, then tristearin. Extraction with chloroform gave a similar chromatogram ( Figure 5 ). was deemed to be statistically significant [23] . All of the tabulated correlations are positive, except for molecular weight. Meaning that, for dipole moment, dielectric constant, and hydrogen bonding, as the decreases so does the partition coefficient. Moreover, these significant solvent characteristics are co-correlated to each other (Table 2) . Using this information, it may be possible to select the solvents that possess characteristics important for high extraction efficiency.
Both solvents appear to extract quite well. Partition coefficients were calculated for both solvents as a means for comparison (Table 4) .
Benzene produced better extraction results for the longer chain fats of tripalmitin and tristearin, but was less effective for trilaurin, as indicated by the lower Kd values for tripalmitin and tristearin. Chloroform, on the opposite end, did not do as well in extracting the tripalmitin and tristearin but did considerably better upon extraction of trilaurin, as shown by the Kd values. This suggests that mixing the two solvent systems might be an area to be investigated in the future.
Extraction of Fat from Unburne Wood
As a final means of comparison, some unburned Acer wood was loaded with the same quantity of fat as had been used with the previous charcoal sample analyses.
Extraction was performed using benzene. Upon extraction of the fat from the unburned Acer wood, quantification was performed by GC/MS and a partition coefficient was determined to compare to the value for Acer charcoal. The calculated Kd of Acer charcoal was 37.9 L/kg and Acer wood was only 1.9 L/kg.
Clearly there is a tremendous difference between extracting from plain wood versus from charcoal. With the Acer wood, the Kd is very small indicating that the fat easily migrates to the solution phase more than staying on the solid phase.
Conclusions
According to the data collected, extraction of fat residue from the highly absorptive media of charcoal aptly differentiated the extraction abilities of various solvents. A consistent laboratory method by which to create charcoal me thyl l aura t e me thyl p a l m it a t e me thyl s t eara t e Figure 4 . Three Fat Extraction from Acer Charcoal using Benzene me thyl l aura t e me thyl p a l m it a t e me thyl s t eara t e for fat residue extraction was optimized and modified from literature using a temperature programmable tube furnace. The charcoal made from different wood types all showed a similar degree of mass loss when using this procedure, yet, the extraction of the tripalmitin continues to show some dependence on carbonized wood type being analyzed. Pinus flexilis and Artemisia tridentata charcoal showed excellent extraction using both Chloroform and Benzene while, Betula nigra was more challenging. The experiments performed clearly indicate that the wood type certainly influences extraction efficiency. A successful and reproducible methodology was developed for loading, extracting, and quantifying fat residue from a charcoal matrix. Extractions were performed with various organic solvents as well as ultrapure water. Quantitative extraction efficiency was possible using a standard base catalyzed methylation procedure followed by GC-MS analysis. Quantification required extensive comparison to multiple standards, but provided consistent recovery with method precision of nominally +/-5%.
Qualitative proportionality constants for the desorption process (Kd) were determined for tripalmitin on seven wood species using various solvents. Additionally, evaluating specific solvent characteristics revealed that certain characteristics play an important role in the extraction efficiency of tripalmitin. Dielectric constant was seen as the most telling factor in determining extraction efficiencies. As the dielectric constant of the solvent goes down, the measured Kd value goes down as well, indicating high solvent extraction efficiency. Hydrogen bonding also seems to have an important effect on the solvent's ability to extract fat. As the hydrogen bonding capability goes down for the solvent, the Kd will decrease as well. Another interesting characteristic pertaining to solvent properties is the correlation obtained with the solvents' molecular weight. According to our statistical analysis, there is a slight negative correlation. This suggests that as the molecular weight increases, the Kd value will decrease.
Co-correlation between these three significant solvent characteristics reveals some information of how these properties are related to each other. Dielectric constant correlates strongly with hydrogen-bonding capabilities. The correlation is 0.932, indicating a strong, linear, positive relationship where dielectric constant goes up, as hydrogen-bonding capability also increases. Both dielectric constant and hydrogen bonding also had positive correlations when compared to the partition coefficient. Using this information, one can select a solvent that has low dielectric constant or a low ability to hydrogen bond and expect the other trait to follow. A final trait, molecular weight also shows a co-correlation with dielectric constant in particular set of solvents. This correlation is an inverse relationship, meaning that as the dielectric constant goes down, the molecular weight of the solvent tends to go up. This correlation must be analyzed with caution because the dielectric constant of a solvent is dependent on what types of functional groups are present. A large molecular weight with many polar groups would obviously break this trend. There also seems to be a weak correlation between hydrogen bonding capability and molecular weight. This too is an inverse relationship which suggests that choosing a solvent with higher molecular weight will generally also have low dielectric constants; further leading to desired lower partition coefficients.
Analysis of the three fats added to the charcoal sample showed success in extraction with both benzene and chloroform. The data obtained showed some variations depending on the target fat. Yet, it is clear the three solvent characteristics: dielectric constant, hydrogen bonding and molecular weight provide excellent guidelines in solvent selection. Beyond this, it is important for the researcher to decide what additional factors such as toxicity, volatility, and cost would direct one to the final solvent selection.
